We study the long-term behaviour of the equatorial disc of the Be/X-ray binary X Persei (X Per), combining new low-resolution IUE spectra and IR photometry with UV, optical and IR observations collected from the literature.
intermediate inclination angle (for typical rotation velocities of Be stars see Slettebak 1979) . The X-ray source in X Per (4U 0352ǹ30) is a neutron star with a spin period of #836 s (see, e.g., Nagase 1989 and Van Paradijs 1995 for references). The orbital parameters of the binary system are unknown. There is no obvious relation between the X-ray activity and the optical brightness of X Per (Mavromatakis 1993; Haberl 1994) . Recent distance estimates range from 700 to 1300 pc (Norton et al. 1991; Fabregat et al. 1992; Lyubimkov et al. 1997; Roche et al. 1997) . The Hipparcos parallax of X Per is :1.21<0.94 mas.
Be stars have a dense disc-like equatorial wind with low outflow velocity, which coexists with a low-density fast wind that flows out from higher latitudes. The optical and IR brightness variations of X Per have been interpreted as variations in the circumstellar disc around the optical star. The emission-line profiles show that at some epochs the disc structure is complex (Tarasov & Roche 1995) . X Per has been observed in phases with very little or no circumstellar material: the Balmer lines are then in absorption and there is no continuum excess (e.g. Ferrari-Toniolo, Persi & Viotti 1978; Norton et al. 1991; Roche et al. 1993) . From here on we will refer to these extended optically low phases as a 'discless phase' or 'discless state'. In the last decades, X Per exhibited two such discless phases and displayed various disc-rise and disc-fade events (see Fig. 1 ). With the discless data one can model the fundamental parameters of the optical star (e.g. Fabregat et al. 1992) . The numerous data taken during the variable stages of the disc give us a unique opportunity to model the disc structure during disc-rise and disc-fade events. Such modelling puts constraints on the models proposed to explain the presence and formation of discs around Be stars (Lamers & Pauldrach 1991; Lee, Saio & Osaki 1991; Bjorkman & Cassinelli 1993) . Waters et al. (1988) have modelled the equatorial disc of X Per to fit IRAS data. Recently, Kunjaya & Hirata (1995) used a similar disc model to describe measurements of the degree of polarization, emission-line strength and optical brightness, taken during the latest optical low state. In this paper we use low-resolution UV spectra, and optical and (near-)IR photometry, covering the past 25 years, to model the disc structure of X Per.
In Section 2 we present new data and data collected from the literature. In Section 3 we briefly discuss the trends in the light curves, and the changes in the UV continuum of X Per. In Section 4 we model the apparent stellar photospheric flux of the optical star, and in Section 5 we model the variable optical and IR continuum. We discuss our findings in Section 6, and summarize our conclusions in Section 7.
T H E DATA
In order to investigate the nature of the variability of X Per, we collected UV, visual and IR continuum observations as well as X-ray observations from the literature. Additionally, we present previously unpublished IR and new UV observations.
We converted all measured magnitudes to fluxes in erg cm 22 s 21 Hz 21 using log F :20.4 m 2C , with the calibration constants C as listed in Table 3 . We assumed that the calibration constants have an error of 5 per cent in flux units, and calculated the errors in log F accordingly. We also applied a 5 per cent error in flux units to the calibration of the IUE spectra.
X-ray observations
For a comparison with the optical and near-IR light curves, we used the X-ray light curve and spin period history as presented by Roche et al. (1993, their fig. 8 ), which comprises Ariel V, Copernicus, EXOSAT, Tenma and Ginga data. To the 2-10 keV light curve of Roche et al. (1993) we added a measurement with the BBXRT instrument, a ROSAT flux estimate (Haberl 1994 , estimated by extrapolating the spectrum), and ASCA flux estimates (Saraswat, Mihara & Matsuoka 1996) . We also added data points to the spin period curve: two GRANAT measurements, which are suspected to suffer from timing difficulties (Babalyan et al. (1992) , one ROSAT measurement (Haberl 1994) , and an ASCA measurement (Saraswat et al. 1996 , no error estimate, offscale in Fig. 1 ). Note that X-ray luminosities are for an assumed distance of 1000 pc (see Section 4). Fig. 1 shows Figure 1 . Top: X-ray pulse period history. The two outlying points in the bottom right part of the graph, taken in 1990 (Babalyan et al. 1992 , P#835.6 s), probably suffer from timing difficulties. The ASCA measurement (Saraswat et al. 1996, P:839.63 s, derived from data prone to loss of cycle count) lies off the scale, as indicated by the arrow. Middle: X-ray (2-10 keV) light curve for distance d:1 kpc. Bottom: optical (filled circles) and infrared Kband (open circles) light curves. The arrows indicate the dates on which IUE measurements were taken. the X-ray light curve and the neutron-star spin period history.
Ultraviolet continuum observations
The UV continuum observations we used comprise 23 archival low-resolution IUE SWP (1150-1980Å) and LWR (1850-3350Å) spectra, taken in the years 1978-1980 (see Bernacca et al. 1983) , and seven new SWP and six new LWP (1850-3274Å) spectra obtained by us in 1994 and 1995. All spectra were obtained in large-aperture (LAP) mode. Table  2 lists the IUE spectra we used. A description of the IUE instrument is given by Boggess et al. (1978a,b) .
All data were processed with the most recent version of the standard IUE processing software (IUESIPS), in order to ensure a homogeneously reduced data set. We corrected the exposure times for the rise time (:0.12 s) of the camera high voltage and the exposure time quantization (0.4096 s) of the instrument (see, e.g., Oliversen 1991) . The fluxes are corrected for camera degradation, following the work of Garhart (1992, SWP camera), Clavel, Silmozzi & Prieto (1988, LWR camera) and Teays & Garhart (1990, LWP camera) . We binned the spectra to a 5-Å wavelength grid. We present the UV data in Fig. 3 .
Visual observations
We used the visual data collected by Roche et al. (1993, and references therein) , i.e., BAA and AAVSO data as well as V magnitudes reported by several authors. Most of these data are rebinned to 25-d means, with an adopted typical error of :0.05 mag. We supplemented the V-band light curve with newly reported measurements , and references therein). The visual light curve is plotted in Figs 1 and 2.
Optical/near-infrared observations
We collected from the literature several sets of UBVRI observations , 1978 Larionov & Larionova 1989; Roche et al. 1997 ) and 13-colour observations (Alvarez & Schuster 1982; Schuster & Guichard 1984) . The V-band data are incorporated in our visual light curve. Table 1 lists the IR data we used. The light curves are displayed in Fig. 2. 
Infrared observations
The new IR data, as presented in this paper, consist of 13 sets of observations made within a 10-yr period. Each set contains simultaneous observations made at two or more different IR wavelengths. These data have been obtained by P. Persi at Wyoming Infra Red Observatory (WIRO) and at the Gornergrat Observatory (TIRGO) with both the Ge bolometer and the InSb detector. Calibration constants of the WIRO system are reported by Gehrz et al. (1974) . For concise descriptions of the used TIRGO instruments see Persi et al. (1990a,b, and references therein) . WIRO observations were made from 1978 June to 1980 September, and TIRGO observations from 1981 September to 1988 November.
We used additional sets of data published by Gehrz et al. (1974) , Glass & Penston (1974) , Castor & Simon (1983) , Waters et al. (1988) , Larionov & Larionova (1989) , Norton et al. (1991) and Roche et al. (1993 Roche et al. ( , 1997 . We assumed the observation date of the observations of Gehrz et al. to be 1973 March. Table 1 lists all IR data used. The K-band light curve of X Per is plotted in Fig. 1 . For this light curve we used additional data in Allen (1973) , Cohen (1973) and Persi, Viotti & Ferrari-Toniolo (1977) . Light curves of the other (near-)IR passbands are given in Fig. 2 .
D E S C R I P T I O N O F T H E L I G H T C U RV E S

X-ray
During the discless state around 1976, the X-ray flux of X Per peaked and gradually tailed off (Fig. 1) . The relatively bright X-ray state lasted approximately 6 yr, and was accompanied by a gradual spin-up of the neutron star. After the bright X-ray phase the spin period increased. During the discless state around 1990 no X-ray brightening and no spinup have been recorded (Haberl 1994) . [Two GRANAT measurements suggest an abrupt spin-up phase, but these measurements might be affected by timing inaccuracies (Babalyan et al. 1992 ).] Whether the X-ray brightening and the spin-up phase around 1976 are associated with the discloss event remains unresolved. The fact that the orbital period of the neutron star is uknown complicates the understanding of the X-ray behaviour of the X Per system (see also Section 6.3).
Ultraviolet
We have grouped the IUE spectra according to the optical brightness at the time of their acquisition (see Table 2 ). We plot the mean of each of these groups (optical low V 6.55, intermediate 6.4V 6.55 and high V 6.4) in Fig. 3 , and compare the mean UV spectrum of the optical high state with that during optical low. The difference in log F of these two mean spectra is plotted in the top panel of the figure, as well as an error estimate derived from the errors in the mean spectra. Note that no IUE spectra were recorded during one of the discless phases (for which V:6.75); three SWP spectra were taken in optical 'low' phases with mean visual magnitude V:6.65, and four LWR spectra were taken with mean visual magnitude V:6.60 (see Table 2 ).
We find that during optical high X Per is up to 25 per cent brighter in the LWP/LWR range than during optical low. At wavelengths shorter than #2300Å the (fractional) difference is much smaller. In the top panel of Fig. 3 we plot a model of the UV excess radiation, consisting of a Balmer continuum bound-free spectrum F bf f 23 normalized to the excess around #2800Å, for a photospheric Kurucz (1992) model with T eff :31 000 K and log g:4 (see Section 4). From Fig. 3 we conclude that our modelled bound-free difference spectrum is too simple to fit the observed difference spectrum. Note that for the bound-free spectrum in Fig. 3 we have assumed that the intrinsic contribution to the extinction is constant.
From the ratio of the SWP spectra taken during optical high and low we can derive an upper limit to the contribution of intrinsic stellar variability and of electron scattering
The equatorial disc of the Be star X Persei 787 Table 1 . UBVRIJHKLMN and 13-colour photometry of X Per; we list only simultaneous or near-simultaneous data sets. The first column gives JD2240 0000. The numbers in the calibration column (Cal) refer to the calibration systems listed in Glass & Penston (1974) , (2) Gehrz et al. (1974) , (3) FerrariToniolo et al. (1977) , (4) Ferrari-Toniolo et al. (1978) , (5) Castor & Simon (1983) , (6) Waters et al. (1988) , (7) Larionov & Larionova (1989) , (8) Norton et al. (1991) , (9) Roche et al. (1993) , (10) Alvarez & Schuster (1982) , (11) Schuster & Guichard (1984) and (12) Roche et al. (1997) . Landolt-Börnstein (1982) . Cousins calibration from Bessell (1979) , WIRO calibration from Gehrz et al. (1974) , TIRGO calibration from Persi et al. (1990) , TCS calibration from Alonso et al. (1994a,b) and 13-colour calibration from Johnson & Mitchell (1975) . The calibration constant value marked with an asterisk is an interpolated value (see Telting et al. 1993) . Effective wavelengths are given in m.
in the circumstellar envelope to the observed flux variations. We find an upper limit of 8 per cent between optical high and optical low, but since the low-state SWP spectra are taken with a visual magnitude that is 0.1 brighter than in the discless phase we conclude that at most 15-20 per cent of the observed optical variability is due to the combined effects of stellar variability and electron scattering in the disc. In the IR, where the observed variations are much larger, these combined effects can, to good approximation, be neglected. This means that the large variable excesses in the visual and IR are most probably due to free-free and free-bound emission originating in the circumstellar envelope, and not due to variability in the star itself. H lineprofile variability leads to a similar conclusion (see, e.g., Roche et al. 1993 ).
Visual
The most extensively sampled light curve of X Per is that in the V band. In Figs 1 and 2 one can see that X Per is highly variable on a time-scale of a few years. The visual brightness varies typically between V:6.2 and 6.8. Two extended optical low phases have been observed around 1976 and 1991; these occasions are generally interpreted as periods in which the star does not have an equatorial Be-type disc, a conclusion supported by spectroscopic observations (see, e.g., Norton et al. 1991) . At other epochs the disc gives rise to variable continuum emission, mainly due to free-free and free-bound radiation (see below).
J. H. Telting et al.
© 1998 RAS, MNRAS 296, 785-799 
Infrared
From the K-band light curve in Fig. 1 we see that the IR brightness variations follow those of the V-band light curve, but with a larger variational amplitude; this is consistent with free-free and free-bound emission arising from a circumstellar envelope. The light curves of the other passbands are not sampled as well as those of the K and V bands, but the general trends are the same in all light curves (see Fig. 2 ).
In the following we will focus on the variability and the structure of the equatorial disc around the OB-type star in X Per, as can be derived from near-IR photometry.
T H E S T E L L A R P H O T O S P H E R I C F LU X O F X P E R
In order to derive excess fluxes, one has to subtract the stellar photospheric flux from the measured fluxes. X Per has been observed in periods when no circumstellar contribution to the optical and IR light curves was present (e.g. Ferrari-Toniolo et al. 1977; Roche et al. 1993) . To model the stellar photospheric continuum we used the discless data sets from Ferrari-Toniolo et al. (1977) and Norton et al. (1991) , which were taken on 1975 March 25 and 1991 January 27 respectively (see Table 1 ). We extended the discless data set with the mean of all IUE measurements taken during low optical brightness, as listed in Table 2 . The measured and dereddened data are shown in Fig. 4 .
To model the photospheric flux we fitted a grid of Kurucz (1992) models (with solar abundances) to the UV, optical and IR continuum data taken in optical low states. The models are given as a function of T eff and log g. In the fitting process we redden the Kurucz models according to the Savage & Mathis (1979) extinction curve. This way, the fit yields two free parameters for each Kurucz model: E(B 2V) and Y shift , the latter being the vertical shift needed to match the reddened Kurucz model to the observations in a diagram such as displayed in Fig. 4 . This shift gives the distance d of the star expressed in stellar radii:
. The useful part of the IUE spectrum ranges from 120 to 315 nm. From Fig. 4 it becomes clear that the Kurucz models do not give an accurate description of the Lyman region of the spectrum as measured with IUE (due to interstellar absorption). For this reason we excluded the data with wavelength shorter than 130 nm from the fits. Similarly, the centre of the 2200-Å extinction bump is not well accounted for in our fits; this might reflect anomalous interstellar extinction or intrinsic contribution to the bump (see Bernacca et al. 1983 ). We therefore also omitted the wavelength range 190-235 nm, leaving in total 253 wavelength points, including the optical and IR discless photometry, to fit the Kurucz model to.
The equatorial disc of the Be star X Persei 791 © 1998 RAS, MNRAS 296, 785-799 We fitted Kurucz models with T eff between 20 000 and 40 000 K. The best-fitting Kurucz model has T eff :31 000 K, log g:4.0 (which corresponds to an O9.5-B0 mainsequence star; Landolt-Börnstein 1982) , with E(B 2V):0.395<0.003 and Y shift :218.86<0.01. The 10 best-fitting Kurucz models all have 29 000OT eff O34 000 K and log g either 4.0 or 4.5, with the reduced 2 between 1.34 and 1.42.
The derived E(B 2V) is in good agreement with the value given by Fabregat et al. (1992) , who derived E(B 2V):0.39<0.02 using reddening laws for the Strömg-ren system. Recently, Roche et al. (1997) derived E(B 2V):0.36<0.02 from fitting Kurucz models to discless UBVJHK photometry, and also found T eff :31 000 K as the best fit. Note that since we have included UV measurements in our discless data set, we find significantly different E(B 2V) for Kurucz models with different values of T eff and log g: for the 10 best-fitting models E(B 2V) ranges from 0.38 to 0.43.
The derived value of Y shift is equivalent to a distance of 4.7 10 9 R * , which, with a radius of an O9.5-B0 (slightly evolved) main-sequence star of R * :9<2 R ᖿ , corresponds to a distance of 950<200 pc, with the error dominated by the error in the stellar radius estimate (for the 10 best-fitting models Y shift ranges between 218.80 and 218.92). We have to stress, however, that we assumed that the Savage & Mathis (1979) extinction curve is correct, and that the effects of rotational gravity darkening on the apparent stellar flux can be neglected. Our distance estimate is in agreement with the estimates given by Norton et al. (1991) , Fabregat et al. (1992) , Lyubimkov et al. (1997) and Roche et al. (1997) and also with that given by Bernacca et al. (1983) if they had assumed a similar size for the stellar radius, rather than R * :4.1 R ᖿ . In order to derive excess fluxes, we used the Kurucz (1992) model with T eff :31 000 K and log g:4.0 as a representation of the stellar photospheric flux of X Per. We dereddened all the data presented in Table 1 , using the value E(B 2V):0.395 in the Savage & Mathis (1979) extinction curve.
M O D E L L I N G A N D F I T T I N G T H E INFR A R ED EXCES S
The curve of growth model
The IR excess caused by free-free and free-bound emission in a disc around a star can be modelled with the curve of growth (COG) method (Waters 1986) . For this paper we slightly modified the original COG model such that it is applicable to excesses observed in the visual and IR. Below we concisely review the COG method.
For simplicity the following assumptions are made: the disc is viewed pole-on, is isothermal (T disc :0.8 T eff ), has an opening angle :5° (note that Waters 1986 used :15°), and has a finite radius R disc . The radial density distribution is given by (r): 0 (r/R * )
2n
( 1) for r R * , where 0 is the density in g cm 23 of the disc at the photosphere, and R * is the stellar radius. The optical depth along a line of sight through the poleon disc can be written as
where f(n, q, ) is a function of the disc geometry, n is the exponent of the density law, q is the impact parameter of the line of sight, given in units of R * , and is the opening angle of the disc, and with
containing only stellar and disc parameters, and
depending on the considered wavelength (in cm) and the disc temperature T disc (in K). For the meaning of the other symbols in equations (3) and (4) we refer to (Waters 1986) . The excess flux is written as Z 21, where is the frequency of the light in Hz, and where Z stands for the monochromatic flux ratio,
The excess can be modelled as
where B is the disc source function, and I , * is the appropriate Kurucz model (see previous section). Waters (1986) and also Telting et al. (1993) assumed the factor B /I , * to have the same value for all wavelengths, which is a good approximation in the IR (the Rayleigh-Jeans tail). This assumption is not valid in the near-IR and the visual bands, since the shape of the stellar photospheric energy distribution and the shape of source function of the disc, which we assume to be the Planck function, are not the same for these wavelengths. We therefore chose to model the quantity (Z 21) I , * /B as a function of X , with B /I , * computed from the Kurucz model and the Planck function. Thus the COG model gives the modified excess flux as a function of three free parameters: n, R disc and X * . The density gradient affects the slope of the IR energy distribution: the larger n is, the steeper is the IR continuum (see Waters 1986) . For small values of R disc the whole disc becomes optically thick in the IR, and consequently a change in 0 is not reflected in the IR excesses. For wavelengths up to #10 m there is no difference between the energy distributions of discs with R disc :3 R * and that of larger discs. This means that with our collected optical and IR photometry we can detect the size of the disc only if it is smaller than approximately 3 R * .
The fits
From the data in Table 1 we derive excess fluxes, Z 21, with respect to the Kurucz model that serves as a representation of the photospheric flux. For the IR observations that are not accompanied by simultaneous optical photometry, we interpolated the B, V, R and/or I light curves if these light curves contain measurements taken within 50 d from the IR observations. We use a conservative error estimate for these interpolated photometric points of 0.1 mag; we have checked that the interpolated points follow the light curves adequately. For each (quasi-)simultaneous data set we compute for each flux measurement the value of X with equation (4), and compute the modified excess flux (Z 21) I , * /B from the observed Z 21. Then we tune the parameters n and X * such that COG model (equations 6 and 2) fits the data set best. In Fig. 5 we give an example of the COG model fits.
Contrary to Waters (1986) and Telting et al. (1993) , who fitted the parameter X * separately from the parameters n and R disc , we have set up our code such that we can fit these three parameters simultaneously (the Levenberg-Mar-quardt method; see Press et al. 1992) . In the fits we use n and log X * as free parameters; since the observations are taken only at relatively short wavelengths, we keep the disc radius fixed to R disc :5 R * . We estimate a lower limit for R disc by checking the value of R disc for which the 2 of the fit is significantly higher than in the case of R disc :5 R * . This estimate can also be obtained by relating the largest observed excess to the radiating surface of the disc. These two ways of estimating a lower limit of R disc proved to be consistent.
In our first attempts to fit the COG model we found that the model predicts too much free-bound emission in the Balmer continuum (see Fig. 5 ). This is because our model regards all energy levels as if in LTE. In principle, we can use the observed Balmer continuum excesses to determine the departure coefficients and improve the model for the case of X Per, but this would not give more insight into the disc geometry parameters that we are interested in. For this reason we have omitted all excess fluxes shortward of the Balmer jump for our COG model fits. The model fits well in the Paschen continuum and beyond.
For some data sets the excesses are too low to fit a value of the density gradient n. For low emission measures the optically thin turnover point in the COG shifts to longer wavelengths (see, e.g., Waters 1986 and Kastner & Mazzali 1989) , and hence only observations at longer wavelengths contain information on the value of n. For data sets with a very low excess, we tried to fit our model with a fixed value of n:5 (as suggested by the data sets with a large excess; see next subsection). For these data sets our neglect of electron scattering in the disc might not be a good approximation (see Kunjaya & Hirata 1995) . In Figs 6 and 7 these fits are marked by triangles.
With the fitted disc parameters n and log X * we can derive the base density according to equation (3) (7) with EM in cm 23 and R * in R ᖿ . Similarly, the mass content of the disc can be estimated as
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with M disc in M ᖿ and R * in R ᖿ . In our computations of 0 , EM and M disc we approximate :1.3 and :z 2 :1. We estimate the errors in the derived quantities using the standard error propagation formula, including covariances of the fit parameters n and log X * (Bevington & Robinson 1992 ). Thus we can estimate the radial density structure, the mass content and the emission measure of the disc, from fitting the observed excess fluxes with the COG model.
For completeness, we address the effect of the value of the disc opening angle on the derived base density 0 , emission measure and disc mass content. For a completely optically thick disc the value of the opening angle has no influence on the excess fluxes, since the radiating surface as seen by the pole-on observer remains the same. Then, the derived emission measure and disc mass depend linearly on the adopted value of , since the disc volume increases linearly with (for small ). In the optically thin case, the fitted density depends on the choice of . For small opening angles ( 20°) the optical depth of equation (2) can be written as f X * f 2 0 . This means that the fit procedure will compensate a change in the opening angle of d by changing the base density 0 by a factor 1/Zd / . In the emission measure the change in 2 0 is exactly compensated Figure 6 . Results of COG model fits to the optical and IR flux excesses measured over the last decades. We show the IR and optical light curve, the fitted parameters n (density gradient) and log X * , the lower limits for the disc radius R disc in units of R * , and the derived base density, emission measure and disc mass. We plot . Results of COG model fits to the optical and IR flux excesses. We show the fitted parameters n (density gradient) and X * (which is proportional to 2 0 ) as functions of the optical and IR brightness. For circles both n and log X * have been fitted; for triangles we used n:5. We find relatively large values for the density gradient in the disc. We find variations in the disc density of a factor of 20, which nicely correlate with the brightness of X Per.
by the disc volume that changes proportionally to (for small ): the emission measure is not affected by the value of . The disc mass is obtained by integrating the density over the disc volume, and hence a change d will lead to a change by a factor Zd / in the disc mass M disc . For X Per we sample the optically thin and partially optically thick part of the COG, and hence the optically thin case applies here: if we were to assume a smaller disc opening angle we would obtain a larger base density and a smaller disc mass.
The influence of the assumed disc temperature is somewhat more complex, since both the optical depth and the source function change as a function of temperature. For three data sets of X Per we have checked the outcome of the COG fits for T disc :0.5 T eff . We find that with respect to the case of T disc :0.8 T eff , the base density, disc mass and emission measure are larger by up to factors of 2, 2 and 4 respectively.
With respect to the uncertainties in our derived quantities due to and T disc , the influence of the inclination is negligible for i 50° (see Waters 1986 ).
Fit results
In Figs 6 and 7 we present the results of fitting the COG model to data sets with a detectable excess. Fig. 6 gives the fitted and derived quantities as a function of time; in Fig. 7 we plot the exponent of the radial density law, n, and the COG parameter that contains the base density in the disc, X * , as functions of the brightness of X Per. For all fitted data sets of X Per we find a high value of the exponent of the radial density law, with a mean value of n:4.9; the lowest value is n:3.1. This mean value is considerably higher than that found by Waters et al. (1987) from IRAS measurements of large sample of Be stars. In Fig. 6 one can see that the density gradient varies irregularly in time; during both disc rise and disc fade we find a steep density gradient. Fig. 7 shows that the variations in n are not correlated with the optical or IR brightness of X Per.
We plot the lower limits on R disc in Fig. 6 . As discussed above, R disc can only be constrained with measurements taken at longer wavelengths than those that we use in this paper. Consequently, the lower limits that we give are merely a function of the longest wavelength passband within each of the (quasi-)simultaneous data sets. We cannot conclude that the disc radius is finite, nor that it is variable if it is finite. However, the steep density gradient provides a natural disc size limitation, albeit a gradual one and not an abrupt boundary. The highest lower limit of the disc radius that we find is R disc :4.5 R * . From Figs 6 and 7 we find that the fit parameter log X * closely follows the optical and IR brightness of X Per. We also find that X * varies over more than 2 orders of magnitude, and that consequently the disc base density 0 varies by a factor of #20 between optical high and low states (assuming a constant geometry). The highest base density we find is 0 :1.5<0.3 10 210 g cm 23 , at v:6.25. Here we averaged 0 as obtained from three data sets taken from 1987 December to 1988 March, and we used R * :9 R ᖿ . The lowest value of 0 that we can detect from optical and IR flux excesses is about one-twentieth of the above mentioned value.
The emission measure that we derive from the COG fit parameters and equation (7) appears not to be a well-constrained quantity: the relative errors are often 50 per cent of the derived values. The data set comprising simultaneous 13-colour and WIRO photometry (see Fig. 5 ) gives a value of the emission measure that is nicely constrained because both the optically thin and the partially optically thick part of the COG are sampled. We find EM:(1.3<0.2) 10 61 cm 23 for this data set, where we used R * :9 R ᖿ . This data set was taken with V:6.6, we derive EM values higher by a factor of 10 for optical high states (see Fig. 6 ).
In contrast to the emission measure, the disc mass proves to be a well-constrained quantity with relatively low error estimates, as can be seen in Fig. 6 . Especially during the rise from the latest discless state to the bright state of 1994-95, we have relatively good coverage of the evolution of the mass content of the disc. There is a gap of 230 d with no observations during the onset of this rise; the visual brightness jumped from V:6.75 to 6.45 over this gap. For the last data set before this gap we find the disc mass to be M disc :(7.5<1.4) 10 210 M ᖿ (for R * :9 R ᖿ ). The first data set after the gap gives M disc :(4.1<0.6) 10 29 M ᖿ . These values correspond to a disc growth rate of (5.3<0.8) 10
29
M ᖿ yr 21 . The 380 d following the gap are covered by six data sets, with the brightness increasing from V:6.45 to 6.25. We derive a disc growth rate of (3.7<0.5) 10 29 M ᖿ yr 21 over this period. During the decline into the latest discless state, there is a gap of 260 d over which the visual magnitude drops from V:6.25 to 6.6. For this disc-loss event we derive a disc mass-loss rate of (6.5<0.7) 10 29 M ᖿ yr 21 . During the following 245 d, covered by four data sets, the brightness of X Per drops further to V:6.85, and the disc mass-loss rate is (3.2<0.3) 10 29 M ᖿ yr 21 . We note that the derived disc-growth and disc-decline rates are of the same order. This can be seen in the bottom panel of Fig. 6 , and it is also reflected by the V-band light curve.
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D I S C U S S I O N
The density distribution of the equatorial disc in X Per
Using the results of a survey of 144 Be stars (Dougherty et al. 1994) , we find that the maximum value of the disc-base density 0 for X Per is high. This means that the equatorial disc of X Per is amongst the densest of all Be stars. Dougherty et al. find that the optical and near-IR flux excesses are largest for early-type Be stars, which may indicate that the disc-base density is a function of spectral type. With its large flux excesses in the visual and near-IR, X Per is not an exception to this rule.
The slope of the spectral energy distribution of X Per, in its high optical states, reflects that the density gradient of the disc is steep; the exponent of the radial density law (equation 1) varies around a mean value of n:4.9. Waters, Coté & Lamers (1987) find values of n:2-4 from IRAS measurements of 59 Be stars. Dougherty et al. (1994) find values of n:2-5 from optical and near-IR measurements of their sample of 144 Be stars. In a similar study to ours, Clark et al. (in preparation) also find a steep disc density gradient in the high-mass Be/X-ray binary V725Tau/ A0535ǹ26, in which the optical star has a spectral type similar to that of X Per. From the sample of Waters et al. (1987) the stars with the steepest disc density gradient (nP3.5) are B0 and B1 stars. It is then tempting to conclude that with the disc-base density also the gradient might be a function of the spectral type of the underlying star. A natural cause for such an effect could be that the stellar mass-loss rate and the stellar radiation pressure depend on spectral type.
The derived density gradient of the disc of X Per is steep, regardless of the growth or decline rate of the disc. At epochs that the disc is relatively steady in brightness, one may assume that the overall N /Nt in the disc is zero. Then, with the continuity equation (assuming only radial outflow), a value of n:5 leads at a distance of a few stellar radii to outflow velocities exceeding the typical terminal velocities of early-type star polar winds. We therefore argue that the derived value of n might not reflect a very steep density gradient, but that it may be the result of a combination of the different effects outlined below. However, this does not rule out a possible spectral-type dependence of n.
A possible explanation for the high value of n that we derive is that there might be a negative radial temperature gradient in the disc. Waters (1986) has shown that a temperature gradient gives rise to a flattening of the partially optically thick part of the COG and hence to a steeper spectral energy distribution (see also Cassinelli & Hartmann 1977) . Therefore, if a negative temperature gradient is present, we derive values of n that are too high.
Our implementation of the COG model neglects electron scattering, which is a good approximation in the IR where free-bound and free-free emission dominate. Kunjaya & Hirata (1995) have shown that for low densities electron scattering cannot be neglected in the optical part of the spectrum. In Section 3 we have shown observational evidence that the flux excesses due to electron scattering can at most be 15-20 per cent of the photospheric flux, which is a considerable fraction of the observed excesses in the optical. The contribution of electron scattering will steepen the spectral energy distribution, and will hence lead to an overestimate of n. Tarasov & Roche (1995) presented multicomponent He I 6678-Å line profiles from 1995 February that show the apparent co-existence of inner and outer discs in X Per. These unusual line profiles were still observable in 1997 August, indicating that the structure appears to be stable over time-scales of at least 30 months. This means that the radial density in the disc is not a monotonic function of the distance, which will certainly affect the density gradient that we derive with our simple model (equation 1).
For our determination of the radial density gradient n we have assumed a disc geometry with an opening angle. For a pole-on slab model (Hartmann 1978; Waters 1986; Kastner & Mazzali 1989) we would have derived a value of the density gradient that is about 0.5 smaller than in our case (Waters & Marlborough 1994) . However, we note that this would lead to an even steeper velocity gradient when the continuity equation is applied to the slab model.
Disc rise and fade; the disc as a reservoir
In Section 5 we have derived the rates at which the mass of the disc in X Per grows and declines as a function of time. The disc accumulates and stores matter to give rise to the observed UV, optical and IR excesses. At some point, the storage of fresh stellar material in the disc is balanced by the outflow of matter from the disc, and the brightness of X Per stays relatively constant in an optical high state. Then the mass-loss from the disc becomes larger than the amount that is stored: the disc fades. At some phases X Per is not able to accumulate detectable amounts of matter in the disc, leading to the discless optical low states.
Bjorkman & Cassinelli (1993) have proposed that rotationally induced wind compression provides a natural way to create discs in rapidly rotating hot stars with radiatively driven winds. This mechanism implies that the growth rate of a Be star disc is smaller than, but comparable to, the mass-loss rate of the star. However, the computed density in these disc models is two orders of magnitude lower than IR measurements reveal, since these modelled discs are not able to store the mass supply to build large discs. Nevertheless, we find that the disc growth and decline rates of X Per are indeed smaller than, but comparable to, the expected radiatively driven mass-loss rate of an O9.5-B0 star. We find a growth rate of (3.7-5.3) 10 29 M ᖿ yr 21 , and a decline rate of (3.2-6.5) 10 29 M ᖿ yr 21 ; the expected mass-loss rate of a B0 star is 3 10 28 M ᖿ yr 21 (Kudritzki et al. 1989 ). Hammerschlag-Hensberge et al. (1980) find a UV mass-loss rate of 1 10 28 M ᖿ yr 21 for X Per. Although we cannot exclude the possibility that sources of episodic stellar mass-loss (pulsations, flares) contribute to the disc growth, we conclude that with respect to the required mass-flow rates the observations of X Per are consistent with models that feed the disc from the 'ordinary' stellar mass-loss (e.g. Lamers & Pauldrach 1991, the bistability model; Bjorkman & Cassinelli 1993, wind compression model) . However, to explain the observed disc densities, such a model should be complemented with physics to provide a plug for the leaking disc, such that the disc can grow as in the case of X Per. The physical mechanism that provides a plug in the disc reservoir should be applicable to all Be stars with discs, because many of these discs are brighter than can be explained with current models that feed the disc from radiatively driven stellar mass-loss. Also, the material in the disc might be rotationally supported against gravity, which implies that angular momentum must be added to the expelled gas; Lee et al. (1991) proposed that stellar non-radial pulsations can provide the disc with angular momentum.
The physical mechanism that triggers the disc-decline and disc-loss events is not known. The unstable nature of the disc in X Per might be due to the fact that it is a high-mass Be/X-ray binary, although the X-ray light curve (Fig. 1) gives no conclusive evidence for this explanation.
We note that the disc growth rate that we derive for X Per is consistent with the envelope growth rate derived for H outbursts of the B2IV-Ve star Cen by Hanuschik et al. (1993) . For Cen these stellar mass-loss rates last for a few days only, whereas disc build-up in X Per lasts for hundreds of days. Although the physical origin of the erratic outbursts in Cen and the gradual disc-growth in X Per might be different, the correspondence between the derived growth rates of the envelopes of these two stars is remarkable.
X-ray luminosity
It is remarkable that the strong variability seen in the optical and in the IR (Fig. 1) is not reflected in the X-ray light curve. This lack of correlation between the X-ray and optical light curve excludes the possibility that the neutron star is always accreting from the disc region (White et al. 1982; Roche et al. 1983; Haberl 1994) , which implies an inclined orbit.
Since 1980 the X-ray luminosity is fairly stable at a level of about (2-4) 10 34 erg s 21 . This persistent X-ray flux is very high if we assume that the neutron star is accreting from the polar wind which is seen in the UV resonance lines of C IV and Si IV; a wind with a terminal velocity of the order of 1000 km s 21 and a mass-loss rate of 10 28 M ᖿ yr 21 (Hammerschlag- Hensberge et al. 1980) . [From new IUE high-resolution spectra, De Martino et al. (in preparation) find a lower limit for the terminal velocity of about 850 km s
21 .] The expected X-ray flux, of course, depends on the unknown separation between the two stars. However, if we assme that the neutron star is embedded in the fast wind (i.e., in an orbit inclined to the equatorial plane) with wind parameters as given above, an orbital period of about 2.4 d is needed to account for the X-ray luminosity. In calculating this number we assumed that the simple Bondi-Hoyle formalism for wind accretion holds (see, e.g., Waters et al. 1988) . Such a very small orbit seems incompatible with the expected formation history of Be/neutron binaries (see, e.g., van den Heuvel & Rappaport 1987), and is not observed in known Be/neutron star binary systems (e.g. White, Nagase & Parmar 1995) . Also, a very close orbit may result in noticeable effects of the neutron star on the optical star (X-ray heating of the stellar wind, tidal distortion); such effects have not been reported for X Per. Similarly, one would expect enhanced X-ray luminosity when the neutron star passes through the equatorial disc, twice per orbit, which is not observed. For longer orbital periods the expected luminosity for polar-wind accretion rapidly drops to values below 10 32 erg s 21 . If the orbital period were 580 d (Hutchings et al. 1974 , but not confirmed; see, e.g., Penrod & Vogt 1985 and Reynolds et al. 1992) , the X-ray luminosity would be about 1.3 10 31 erg s 21 . We conclude that it is unlikely that the neutron star accretes from the fast polar wind.
This forces us to postulate that the neutron star accretes from a region which is different from the disc region, and that it orbits in a plane that is slightly inclined with respect to the equatorial plane of the Be star. In this region the expansion velocity of the wind must be lower than seen in the UV resonance lines, and/or the density in the wind must be higher. Theories of radiatively driven winds of hot, rapidly rotating stars predict that the expansion velocity is a function of latitude (e.g. Friend & Abbott 1986; Lamers & Pauldrach 1991) , with the outflow velocity decreasing towards the equator.
The bright X-ray state near 1975 and the slow decline to a low X-ray state, which the system reached in 1980, are not understood. Clearly, the neutron star accreted from a region in the wind of X Per with enhanced density and/or lower expansion velocity. This interpretation is consistent with the behaviour of the spin period of the neutron star; spin-up is expected and often observed during high X-ray states (see, e.g., Nagase 1989) . We note that the X-ray luminosity remained high for a relatively long period of time, well into the discless phase of #1975-1977. This suggests that while there was little or no high-density material near the Be star, the region near the neutron star must have had enhanced densities in order to account for the X-ray brightness (the optical and IR light curves are sensitive only to high-density material, i.e., close to the star). A possible explanation for this behaviour is that disc material slowly moved outwards while no new high-density material was provided at the base of the disc; this would result in a 'phase lag' between the optical/IR and X-ray light curves, as is observed (see Fig. 1 ). Unfortunately, the sampling of the optical light curve is very poor in the period preceding the X-ray maximum, but a phase lag between optical and X-ray high of about 3 yr seems evident. It is possible that the disc was exceptionally large in that period (see also Roche et al. 1993) ; indeed, one unusually high optical brightness measurement (V:6.02, derived from a spectral scan; Brucato & Kristian 1972) preceded the X-ray maximum, but the K-band brightness (Fig. 1) suggests that X Per was not unusually bright. One may expect that a very bright disc has a large extent in the vertical direction, enabling the neutron star in its inclined orbit to probe some of the high-density disc matter, and to give rise to the high X-ray luminosity phase. The second discless phase (#1989-1992) was not accompanied by high X-ray luminosity; the fact that only one high X-ray phase is observed might indicate that, besides being inclined, the orbit of the neutron star is also wide and elliptic.
S U M M A RY O F C O N C LU S I O N S
We have presented new UV and IR measurements of X Per, which we combined with data from the literature. The data show that the equatorial disc in X Per is highly variable in brightness.
The low-resolution IUE LWP and LWR spectra show that the near UV continuum level of X Per varies along with the optical brightness. From the low-resolution IUE SWP spectra taken in optical high and low states we have derived an upper limit to the intrinsic stellar variability and electron scattering in the disc of 15-20 per cent of the photospheric flux.
From the IUE spectra and optical and IR photometry taken in optical low (i.e., discless and near-discless) phases, we find that the stellar photosphere can be modelled with a Kurucz model with T eff :31 000 K and log g:4, consistent with an O9.5-B0 main-sequence star. With this model we derive E(B 2V):0.39 and estimate the distance to X Per as 950<200 pc (assuming R * :9 R ᖿ ). We have used the photospheric model and the (quasi-)simultaneous optical and IR photometry sets to compute excess fluxes, and fitted these with a simple disc model including free-bound and free-free radiation. These fits yield the base density and the radial density distribution of the gas in the disc. We find that the base density varies
